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Notation  
α  Hoek-Brown material constant 
γ  Unit weight 
ε  Strain 
σci  Uniaxial compressive strength 
σcm  Rock mass strength 
σ1
′   Major effective principal stress 
σ3
′    Minor effective principal stress 
σh  Horizontal stress 
σv  Vertical stress 
𝜏  Shear strength 
ν  Poisson’s ratio 
ϕ  Friction angle of soil 
c′  Cohesion of soil 
D  Disturbance factor 
Em   Young’s modulus 
Eh  Average deformation modulus of the upper part of the earth’s crust 
Ei  Intact rock modulus 
Erm  Deformation modulus of rock mass 
H  Overburden 
L  Excavated length 
mb  Hoek-Brown material constant (rock mass) 
mi  Hoek-Brown material constant (intact rock) 
MR  Modulus ratio 
pcr  Critical support pressure 
po  External stresses 
pi  Internal support stress 
R  Tunnel radius 
s  Hoek-Brown material constant 
umax  Maximum deformation 
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Abbreviations 
DEM Discrete Element Method 
DFN Discrete Fracture Network 
F  Safety Factor for a rock slope stability 
FEM Finite Element Method 
GSI  Geological Strength Index 
LDP Longitudinal Displacement Profile 
RMR Rock Mass Rating 
RQD Rock Quality Designation 
UCS  Uniaxial Compressive Strength 
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ABSTRACT 
Tunnels are used in different industries such as mining and transportation throughout the world. 
The process of excavating a tunnel in rock is complicated because many factors may trigger 
damage in the tunnel construction site. Reports of serious industrial accidents at tunnel sites are 
not very uncommon. One reason for this is that geological situations and uncertainties in tunnel 
construction sites are difficult to predict. Thus, simple effective methods to identify 
relationships between geological conditions and tunnel deformations could be very helpful. 
Such methods can help engineers predict deformations, sensitivity of the design to uncertainties, 
collect information about the tunnel situation at a construction site and reduce the risk of tunnel 
collapse. This research will provide some simple design relationships and helpful insight through 
studying a large number of computational results on deformation and stress distribution of rock 
masses surrounding circular tunnels. These results are obtained by Finite Element Method, 
incorporating failure analysis of rock masses based on the commonly used Hoek-Brown failure 
criterion. 
RS2, a 2D finite-element program, is used to simulate tunnel excavations and provide the 
required data for this research. More than 700 tunnels with different rock mass properties, in-
situ stresses, and radii are simulated to create a large enough database. The relationships 
between the geological properties and tunnel deformations are explored and expressed by 
analysing and summarising the substantial output produced through this large database. 
Using the large numerical database created, firstly the shape of the longitudinal deformation 
profile of tunnels in different situations are studied, resulting in conclusions on the extent of the 
face zone wherein due to proximity of the tunnel face the assumption of plane strain is not valid. 
Then the relationships between tunnel deformations and geological conditions are summarised 
and expressed in form of design charts and equations which can be used to estimate stability of 
tunnels and robustness of their design.  
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CHAPTER 1 INTRODUCTION 
1.1 Introduction 
Studying and better understanding tunnel excavations can minimize the risks involved in 
tunnelling projects. Based on past engineering experiences, uncertainties in working 
environment is one of the major factors affecting tunnel collapse (Panthi 2006). The 
uncertainties are mainly due to natural variabilities in in-situ geological conditions, and 
comprehensive site investigations are not easy or cheap to perform for tunnel projects, 
particularly for very deep underground excavations. 
Recently, because of the progressive development of computers and numerical modelling, it is 
easier to deal with tunnelling problems, such as monitoring of deformations of tunnel-excavated 
surfaces and geological situations in construction sites. Such advanced technologies could be 
applied to reduce the risk of tunnel damage and to provide a safer workplace. However, 
inadequate evaluation and incorrect simulation of in-situ geological conditions are still major 
factors to cause tunnel damage.  
Furthermore, variations of longitudinal deformations of tunnels depend on the geological 
conditions as indicated by several papers and reports, e.g., Vlachopoulos and Diederichs (2009). 
In some cases, changes in faults and fracture zones, may necessitate a change in construction 
methods as well as tunnel support patterns, which may affect the progress of construction. 
Therefore, a high-quality database that is created to provide more information for predicting 
tunnel behaviours before they are excavated will contribute to work safety, economy and 
efficiency in tunnel projects. 
In this research, all models are based on Hoek and Brown failure criterion that is widely 
accepted as a means of estimating the strength of rock mass. A numerical software RS2 
(Rocscience 2016) a 2D finite element analysis program, will be used to analyse the relationship 
between tunnel deformations and different geological conditions. One of general purposes of 
the RS2 is analysing tunnels, and multistage tunnel projects can easily be analysed with a wide 
range of modelling options and options. In addition, the Hoek-Brown failure criterion is 
included in the RS2 program allowing simulations to be directly based on the Hoek-Brown 
failure criterion removing the inaccuracies involved in using equivalent material parameters in 
other failure criteria like Mohr-Coulomb. The final results can effectively assist engineers to 
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predict the deformation of tunnel surfaces and roughly assess the properties of geo-materials 
towards the part of the tunnel that will be excavated. 
 
1.2 Research aim 
Benefiting from advancing technology, tunnelling problems would be easier to address with 
computers and numerical models. However, numerical methods are generally very problem 
specific and cannot give the designers insight as analytical methods and design charts do. In 
this research, the power of numerical methods is employed to create a large database of results 
for a range of different variables and then the outcomes are analysed to establish new 
relationships between tunnel deformations and geological conditions in a construction site. 
Such relationships can help tunnel project designers in different ways by providing them with 
some insight into how different design variables are inter-dependent. Designers can estimate 
mechanical responses of tunnels through different geological conditions by using the proposed 
results in simple steps and determine the sensitivity of the design on different design variables. 
The outcomes provide an easy way for tunnel designers to check their designs and also provide 
a chance for engineers who do not have enough experience to examine their tunnel designs. By 
helping the designers, ultimately the results can contribute to design of safer and more 
economical tunnels. 
 
1.3 Scope of investigation 
The Hoek-Brown (HB) failure criterion is used to analyse axisymmetric finite element models. All 
tunnels are assumed to be circular, excavated in homogeneous, undrained rock, in isotropic 
stresses. A wide range of rock materials, from weak to very strong, is considered. Stresses 
around the tunnel are assumed to be hydrostatic and uniform. All tunnels are modelled without 
any supports. Changes in gravity loading along the depth is not considered in this research, 
because at large depths, the change in weight across the opening size is small compared to the 
magnitude of the stresses. All simulations are under the field stress. The vertical overburden 
stress is obtained from the equation σν = γH, and horizontal stress is calculated by σh = kσν =
kγH, where H is depth below the surface, γ is unit weight of the rock mass and factor k=1 is 
used resulting in hydrostatic in-situ stress assumption. 
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1.4 Thesis outline 
As an overview, the research presented in the thesis can be divided into four principle areas: 
1. Investigating the longitudinal displacement and radial strain profiles 
2. Studying the changes in displacement pattern of rock mass during tunnel excavation 
3. Predicting the stability of tunnels in a wide range of geological structures  
4. Prediction of longitudinal displacement profile of tunnel 
The structure of the thesis reflects the major topics listed above, Chapter 2 provides a general 
background to subsequent chapters by reviewing previous studies on similar topics. 
Chapter 3 provides a background to the selected software and gives details on considerations 
and limitations of the selected model and method including the finite element mesh. 
Chapter 4 and Chapter 5 constitute the main portion of the thesis and present the results obtained 
from the numerical studies for tunnels in a wide range of geological conditions. Chapter 4 lists 
the details of observations on general trends between geological conditions, tunnel sizes and 
overburden depth. Some important results have been obtained. A comparison is made between 
the results obtained in this study and existing solutions. Chapter 5 highlights and summarised 
main findings from this research and discusses the shortcoming and propose the future research 
directions. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Finite element method (FEM) 
Numerical methods can generally be used to calculate the induced stresses. Numerical methods, 
including the boundary element method (BEM), finite difference methods (FDM), FEM, 
discrete element method (DEM) and discrete fracture network (DFN), are widely used in tunnel 
designs (Jing and Hudson 2002;Jing 2003). Jing and Hudson (2002) divided these methods into 
two groups: the continuum methods and the discontinuum methods. The continuum methods, 
including BEM, FDM, and FEM, are appropriate for analysing rock masses with continuities 
or with few discontinuities, and these methods are also suitable for modelling highly weathered 
rocks which behave closely to soil. The discontinuum methods, including the DEM and the 
DFN, are suitable for analysing moderately jointed rock masses.  
Presently, FEM is one of the major tools in computer-aided engineering for analysing and 
solving many complex tunnel problems. This method, introduced by Courant (1943), is a 
numerical technique (Bathe and Wilson 1976) that has been well accepted in the field of 
geotechnical engineering (Hammah 2005; Zienkiewicz et al. 2005). FEM is widely used for 
tunnel constructions to forecast mechanical behaviour of the ground and tunnel structure 
through design and performance analysis. 
FEM discretises the continuum into finite numbers of smaller discrete elements, and modelling 
the relevant physical phenomena using partial differential equations (Moldovan and Popa 2012, 
Bieniawski 1976). The FEM program includes pre-processing, solution and post-processing 
phases. The pre-processing phase embodies various modules for creating a model, defining the 
proprieties of the materials, specifying external loads and boundary conditions, and meshing 
the assembly of the model (Moldovan and Popa 2012). The solution phase is a numerical 
process using the governing equations that are assembled into a matrix form. The results from 
the numerical analysis in this stage are often enormous. The post-processing phase is used to 
check problems and to provide warnings or errors that occurred during the numerical analysis 
(Cârstea 2008) and to visualise the outputs. 
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2.2 Rock mass classification 
Rock mechanics problems are very challenging because of numerous uncertain variables, such 
as the variation of rock strength properties, the presence of fractures and in-situ stress conditions. 
Because of this, rock mass classification systems are created to characterize rock strength 
properties and in-situ conditions, and they are important to estimate rock mass behaviour, 
particularly in the early stages of an underground excavation project (Aksoy 2008). Rock mass 
classification systems can identify the most important parameters that influence the behaviour 
of a rock mass; divide a particular rock mass and classify them into groups with similar 
behaviour; provide basic information about the characteristics of each rock mass class; derive 
quantitative data and guidelines for a project’s designs; and also provide basic references for 
communication between engineers and geologists (Abbas and Konietzky 2014). 
The rock mass rating system (RMR) is a type of rock mass classification system widely applied 
in underground excavations. Bieniawski published the RMR system in 1973 (Bieniawski 1979), 
and because many cases of underground excavations have since been recorded and examined, 
this system has been successively refined and developed until 1989 (Bieniawski 1989). There 
are six parameters used to classify a rock mass, and Table 2.1 presents the ratings for each of 
the six parameters in the RMR system:  
• Uniaxial compressive strength (UCS) of rock material. 
• Rock Quality Designation (RQD). 
• Spacing of discontinuities. 
• Condition of discontinuities.  
• Groundwater conditions. 
• Orientation of discontinuities. 
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Table 2.1: Rock Mass Rating System (Reproduced after Bieniawski 1989) 
A. CLASSIFICATION PARAMETERS AND THEIR RATINGS 
Parameter Range of values 
 
 
 
1 
Strength 
of 
intact rock 
material 
Point-load strength 
index 
>10 MPa 4 - 10 MPa 2 - 4 MPa 1 - 2 MPa 
For this low range - 
uniaxial compressive test 
is preferred 
Uniaxial comp. 
strength 
>250 MPa 100 - 250 MPa 50 - 100 MPa 25 - 50 MPa 
5 - 25 
MPa 
1 - 5 
MPa 
< 1 
MPa 
Rating 15 12 7 4 2 1 0 
 
2 
Drill core Quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% < 25% 
Rating 20 17 13 8 3 
 
3 
Spacing of > 2 m 0.6 - 2 m 200 - 600 mm 60 - 200 mm < 60 mm 
Rating 20 15 10 8 5 
 
 
 
 
4 
Very rough surfaces 
Condition of discontinuities Not continuous 
(See E) No separation  
Unweathered wall rock 
Slightly rough surfaces 
Separation < 1 mm 
Slightly weathered walls 
Slightly rough surfaces 
Separation < 1 mm 
Highly weathered walls 
Slicken sided surfaces or 
Gouge < 5 mm thick or 
Separation 1-5 mm 
Continuous 
Soft gouge >5 mm thick or 
Separation > 5 mm 
Continuous 
Rating 30 25 20 10 0 
 
 
 
 
5 
Groundwater 
Inflow per 10 m None 
tunnel length (l/m) 
< 10 10 - 25 25 - 125 > 125 
(Joint water press)/
 
0 
(Major principal σ) 
< 0.1 0.1, - 0.2 0.2 - 0.5 > 0.5 
General conditions Completely dry Damp Wet Dripping Flowing 
Rating 15 10 7 4 0 
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F) 
Strike and dip orientations Very favourable Favourable Fair Unfavourable Very Unfavourable 
 
 
Ratings 
Tunnels & mines 0 -2 -5 -10 -12 
Foundations 0 -2 -7 -15 -25 
Slopes 0 -5 -25 -50  
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS 
Rating 100                81 80                   61 60                 41 40                 21 < 21 
Class number I II III IV V 
Description Very good rock Good rock Fair rock Poor rock Very poor rock 
D. MEANING OF ROCK CLASSES 
Class number I II III IV V 
Average stand-up time 20 years for 15 m span 1 year for 10 m span 1 week for 5 m span 10 hours for 2.5 m span 30 min for 1 m span 
Cohesion of rock mass (kPa) > 400 300 - 400 200 - 300 100 - 200 < 100 
Friction angle of rock mass (deg) > 45 35 - 45 25 - 35 15 - 25 < 15 
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions 
Discontinuity length (persistence) 
Rating 
< 1 m 
6 
1 - 3 m 
4 
3 - 10 m 
2 
10 - 20 m 
1 
> 20 m 
0 
Separation (aperture)  
Rating 
None  
6 
< 0.1 mm 
5 
0.1 - 1.0 mm 
4 
1 - 5 mm 
1 
> 5 mm 
0 
Roughness  
Rating 
Very rough  
6 
Rough 
5 
Slightly rough 
3 
Smooth 
1 
Slicken sided 
0 
Infilling (gouge)  
Rating 
None  
6 
Hard filling < 5 mm  
4 
Hard filling > 5 mm  
2 
Soft filling < 5 mm 
2 
Soft filling > 5 mm  
0 
Weathering 
 Ratings 
Unweathered  
6 
Slightly weathered 
5 
Moderately weathered  
3 
Highly weathered  
1 
Decomposed  
0 
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING** 
Strike perpendicular to tunnel axis Strike parallel to tunnel axis 
Drive with dip - Dip 45 - 90𝑜 Drive with dip - Dip 20 - 45𝑜  Dip 45 - 90𝑜 Dip 20 - 45𝑜 
Very favourable Favourable Very unfavourable Fair 
Drive against dip - Dip 45-90𝑜 Drive against dip - Dip 20 - 45𝑜 Dip 0-20 - Irrespective of  strike𝑜  
Fair Unfavourable Fair 
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Table 2.1 presents the RMR classification system (Caylak et al. 2014). In applying this system, 
the RMR works well in evaluating the rock-mass strength and in classifying the rock mass 
quality. However, discussing the limitations of the RMR system, Palmström (2009) believed 
that it is not clear whether faults and weakness zones were included in RMR system, as the 
system did not use special parameters for faults and weak zones in the system. That means the 
RMR system may not work well for application to faults and weak zones. 
Hoek (1994) and Hoek et al. (1998) introduced another system, the Geological Strength Index 
(GSI), which facilitated the determination of rock mass properties of hard and weak rock masses 
for use in rock engineering. The GSI is determined by combining observations of the rock mass 
conditions with the relationships obtained from the experience of using the RMR system (Singh 
and Goel 1999). Table 2.2 demonstrates how the relationship between rock mass structures and 
rock surface conditions is used to estimate an average GSI value from contours (Hoek et al. 
2005). Hoek et al. (1998) recommended that using a range of values of the GSI is better than 
using a single GSI value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis of Tunnel Excavation in Different Geological Conditions Based on Hoek-Brown Failure Criterion 
 
 
9 
 
Table 2.2: Characterization of blocky rock masses (Sonmez and Ulusay 1999) 
 
The GSI system provides a way to quantify the strength and the deformation properties of a 
rock mass (Singh and Goel 1999) based on a visual imprint of the rock mass structure and 
geological characteristic of a rock. This system allows to estimate the rock mass strength and 
the deformation for different geological conditions by a field observations. For the limitations 
of the application, Marinos et al. (2005) pointed out the GSI must only be used with isotropic 
media, which means that if the mechanical behaviour of a rock mass is highly anisotropic, it 
cannot be assigned a GSI value from the GSI chart. 
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2.3 Generalised Hoek-Brown failure criterion 
The Hoek-Brown failure criterion is one of the few nonlinear criteria defined for rock mass by 
Hoek and Brown (1980a). This criterion plays a crucial role in geological engineering, and it is 
widely accepted and has been applied in numerous underground excavation projects around the 
world, particularly in rock excavations (Hoek and Brown 1980b; Hoek et al. 2002). Rock 
properties data gathered from laboratory tests may not suffice in practical application because 
rock properties are influenced by many unexpected factors, such as blasts in real tunnel 
excavations. Consequently, the properties of intact rock should be decreased because of 
interferential factors, which would better meet requests of real situations during the process of 
tunnel excavation. For this purpose, based on practical experiences and numerical analysis, 
Hoek and Brown developed the criterion from 1980 to 2002 (Hoek et al. 2002). Figure 2.1 
shows the nonlinear characteristics of the Hoek-Brown failure criterion strength envelope. 
 
Figure 2.1: Envelopes of Hoek-Brown criterion and equivalent Mohr-Coulomb  
(Hoek et al. 2002) 
The Generalised Hoek-Brown failure criterion is formulated in Equations 1: 
σ1
′ = σ3
′ + σci (mb
σ3
′
σci
+ s)
α
                   (1) 
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where σ1
′  is the major effective principal stress, σ3
′  is the minor effective principal stress, and 
σci is the uniaxial compressive strength of the intact rock. The other parameters are defined 
below. 
mb = miexp (
GSI−100
28−14D
)       (2) 
s = exp (
GSI−100
9−3D
)       (3) 
α =
1
2
+
1
6
(e−
GSI
15 − e−
20
3 )      (4) 
where mb is a reduction of mi ; mi is the value of the Hoek-Brown constant for intact rock 
which can be obtained from triaxial test or found from published works like Wyllie and Mah 
(2004); GSI is value of the Geological Strength Index for the rock mass, and s and α are 
constants that depend upon the rock mass characteristics. s = 1 and α = 0.5 for intact rock. 
The uniaxial compressive strength of the rock mass  σc = σci𝑠
α can also be obtained from 
equation (1) when σ3
′  is set to zero. This is one of important parameters in most numerical 
models to consider the stability of excavations in rock (Hoek et al. 2002).  
Parameters added or adjusted into Generalised Hoek-Brown failure criterion are obtained 
through integrating theory with practice and hence this criterion has become the most common 
criterion in the elasto-plastic analysis of rock mass and has been used in real excavation projects. 
The uniaxial compressive strength of the intact rock σci can be determined by laboratory tests 
(Hoek and Brown 1997). The intact rock constant mi is a dimensionless parameter that depends 
on the mineralogy, the composition and the grain size of the rock (Hoek et al. 1992), and it can 
also be determined by laboratory tests. Parameters mb, s and α, are constant for rock mass, all 
of which depend on the Geological Strength Index (GSI) and the disturbance factor (D) 
(Marinos et al. 2007). D is a disturbance factor representing the rock mass disturbance and 
taking a value from 0 to 1.0 (Hoek et al. 2002). 
 
2.4 Disturbance factor (D) 
Hoek et al. (2002) introduced the disturbance factor (D) for the Hoek-Brown failure criterion 
(Hoek et al. 2002, Eberhardt 2012). According to the latest Hoek-Brown failure criterion, the 
degree of disturbance is influenced by a large number of factors in the rock mass surrounding 
an excavation (Hoek et al. 2002). Therefore, the disturbance factor is difficult to quantify 
precisely (Hoek et al. 2002). Generally, the disturbance factor (D) ranges between 0 and 1, 
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where 0 is for undisturbed in-situ rock and 1 is for highly disturbed rock masses (Hoek et al. 
2002). 
Two important things must be considered when the factor D is used: the first is to choose a 
suitable value for D and the second is to define the extent of the damaged zone (Hoek et al. 
2002). The design of the thickness of the damaged zone depends on the blasts’ design because 
the penetration of the explosion creates new fractures and wedges open existing fractures, which 
leads to decreased rock-mass strength (Hoek and Karzulovic 2000). Hoek et al. (2002) reported 
that the estimation of D would be based on geotechnical experience and summarised a guideline 
for estimating the factor D, as shown in Table 2.3. The guideline gives sound advice with 
caution and provides a realistic starting point for any design; however, the disturbance factor D 
from observations and evaluations of excavation sites would be more precise than predictions. 
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Table 2.3: Guidelines for estimating disturbance factor D (Hoek et al. 2002) 
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2.5 Estimating the material constants for rock mass 
The accurate estimation of the characteristics of rock masses is essential because the complete 
analysis for underground excavations is based on these reliable estimates. The basic rock 
parameters related to the Hoek-Brown failure criterion are described in this section. 
The uniaxial compressive strength σci and the Hoek-Brown constant mi can be obtained by 
laboratory triaxial tests. For the best result and accuracy, the tests should be carried out over a 
confining stress ranging from zero to one half of the uniaxial compressive strength, and these 
tests should be statistically analysed by the results of a group that includes at least five data 
points (Hoek and Brown 1980b). During the laboratory tests, if five or more triaxial tests are 
completed, the obtained results will decide the strength of the uniaxial compression strength 
σci and the Hoek-Brown constant mi (Hoek and Brown 1980b). Through the analysis of results 
of triaxial tests, the rock mass equation σ1
′ = σ3
′ + σci(mb
σ3
′
σci
+ 1)0.5 for intact rock can be 
rewritten in the form (Hoek and Brown 1997): 
y = mσcix + sσci         (5) 
where 
x = σ3
′ , and y = (σ1
′ − σ3
′ )2 
For n specimens, the uniaxial compressive strength σci
2  and mi are calculated from 
σci
2 =
∑ y
n
[
∑ xy−(∑ x ∑y n⁄ )
∑ x2−((∑ x)
2
n⁄ )
]
∑ x
n
               (6) 
mi =
1
σci
[
∑ xy−(∑ x ∑y n⁄ )
∑ x2−((∑ x)2 n⁄ )
]                  (7) 
where n is the number of triaxial tests. 
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In certain situations,  σci and mi are impossible to be obtained in laboratory tests. Table 2.4 and 
Table 2.5 can be used for estimating  σci and mi when laboratory testing is not available. 
Table 2.4: Field estimates of the uniaxial compressive strength (Hoek and Marinos 2000) 
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Table 2.5: The constant mi for intact rock by rock group (Marinos and Hoek 2001) 
 
The deformation modulus (Young's Modulus) of a rock mass is another important factor for 
estimating rock mass behaviour. An equation is obtained by using the modulus ratio MR that 
was proposed by Deere (1968) for estimating the intact rock deformation modulus. When value 
of intact modulus Ei is hard to measure in the laboratory, Equation (9) can be used for estimating 
the deformation modulus of intact rocks (Deere 1968, Palmström and Singh 2001). Hoek and 
Diederichs (2006) summarised the guideline for the selection of the MR value as shown in Table 
2.6. 
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Ei = MR σci                        (9) 
where Ei is the intact modulus, MR is the modulus ratio, and σ ci is the uniaxial compressive 
strength of the intact rock. 
The deformation modulus of rock mass was obtained by re-examining existing empirical 
methods (Hoek and Diederichs 2006) as shown in following equation: 
Erm(MPa) = Ei (0.02 +
1−
D
2
1+e
(
60+15D−GSI
11 )
)    (10) 
Table 2.6: Guideline for the selection of modulus ratio (MR) value (Hoek and Diederichs 
2006) 
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2.6 Mohr-Coulomb failure criterion 
The Mohr-Coulomb failure criterion is one of the most frequently used criteria in geotechnical 
engineering design (Zhao 2000) and is implemented in most geotechnical software packages 
(Hoek 1990, Hoek et al. 2002, Li et al. 2008, Yang and Yin 2010). However, implementing 
Mohr-Coulomb failure criterion requires practising engineers to determine equivalent friction 
angles and cohesive strengths for each rock mass and stress range. Mohr-Coulomb failure 
criterion is based on a strength test in a triaxial compression (Haimson and Chang 2000) and it 
is a linear equation, shown in Figure 2.2 (Labuz and Zang 2012).  
 
Figure 2.2:The Mohr-Coulomb strength equation presented graphically (Labuz and Zang 
2012) 
For this criterion, the shear strength of rock material is determined by a constant cohesion and 
friction varying with a normal stress (Zhao 2000), and this relationship is displayed in equation 
(11): 
τ = c′ + σntanϕ
′                     (11) 
where τ is shear strength, c′is cohesion, σn is normal stress and ϕ
′ is internal friction angle. 
The strength parameters ϕ′ and c′ in the Mohr-Coulomb failure criterion can be related to the 
parameters of the Hoek-Brown failure criterion with specific ranges of confining stress σ3max
′  
for tunnels and slopes, as shown in Equations (12) and (13) (Hoek et al. 2002). 
ϕ′ = sin−1 [
6αmb(s+mbσ3n
′ )
α−1
2(1+α)(2+α)+6αmb(s+mbσ3n
′ )
α−1]    (12) 
c′ =
σci[(1+2α)s+(1−α)mbσ3n
′ ](s+mbσ3n
′ )α−1
(1+α)(2+α)√1+
6αmb(s+mbσ3n
′ )α−1
(1+α)(2+α)
               (13) 
where σ3n
′ = σ3max
′ /σci.  
Analysis of Tunnel Excavation in Different Geological Conditions Based on Hoek-Brown Failure Criterion 
 
 
19 
 
Considering the relationship between major and minor principal stresses for Hoek-Brown and 
equivalent Mohr-Coulomb criteria has been shown in Figure 2.1 for the range of σt < σ3
′ <
σ3max
′ . Based on analysis of tunnel cases, an equation, 
σ3max
′
σcm
′ = 0.47 (
σcm
′
γH
)
−0.94
,was introduced 
by Hoek et al. (2002) to determinate the value of σ3max
′ , where σcm
′  is rock mass strength, γ is 
unit weight of the rock mass, and H is overburden. The lower limit is the tensile strength σt =
sσci
mb
. 
Although the Mohr-Coulomb friction ϕ′ and cohesion c′ are available and regularly used to 
determine the strength of the rock mass, the Hoek-Brown failure criterion is more suitable for 
modelling rock behaviour. In a numerical analysis, estimating the equivalent values of ϕ′ and 
c′ from the Hoek-Brown rock parameters can affect the result’s accuracy. Li et al (2008, 2009) 
utilised the Mohr-Coulomb failure criterion and the Hoek-Brown failure criterion to determine 
the safety factor (F) for a rock slope stability, and the results indicated that the assessment of 
the safety factor (F) would be overestimated when the Mohr-Coulomb failure criterion is used. 
 
2.7 The Hoek-Brown failure criterion vs. Mohr-Coulomb failure 
criterion  
The Hoek-Brown failure criterion and the Mohr-Coulomb failure criterion are the two major 
failure criteria used to analyse the properties of rocks in geotechnical fields. In the past, the 
Mohr-Coulomb failure criterion was the most commonly used failure criterion for the elasto-
plastic analysis of rock mass because of its simplicity. However, from experimental 
observations, the results have shown that the strength envelope for most of the rock-like 
materials is not linear (Lee and Pietruszczak 2008). Hoek and Brown (1980a) proposed an 
original method for estimating the strength of jointed rock masses, and this method was 
modified and updated over the years by many researchers and evolved into a major revision of 
the Hoek-Brown failure criterion. Characteristics of the Mohr-Coulomb failure criterion and 
the Hoek-Brown failure criterion are compared in Figure 2.3. It can be seen in this figure that 
the Hoek-Brown failure criterion is a nonlinear and smooth curve which can meet the needs of 
the application in numerical models as well as estimate the Mohr-Coulomb parameters (Hoek 
et al. 2002). 
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Figure 2.3: The comparison between the nonlinear Hoek-Brown failure and the linear 
Mohr-Coulomb failure (Eberhardt 2012) 
Overall, the Hoek-Brown criterion is an empirical criterion and its nonlinear equation is created 
for estimating the strength of rock masses and geological conditions. On the other hand, the 
Mohr-Coulomb criterion is a linear equation which is good for soil analysis (Griffiths 1990). 
The Mohr-Coulomb criterion with equivalent strength parameters obtained from Hoek-Brown 
criterion has been used for rocks studies (Hoek et al. 2002). However, many studies have 
pointed out that the Hoek-Brown failure criterion is more suitable than the Mohr-Coulomb 
failure criterion for rock-related projects. 
 
2.8 In situ and induced stresses  
The uniform stresses are from the weight of the strata on top of it. The changes of gravitational 
force can be assumed negligible because the variation of vertical loading across the height of 
excavation is small compared to the magnitude of the stresses at the excavation location for 
deep tunnels (Detournay and Fairhurst 1987).  
When a rock is excavated, the stresses change in the surrounding rock. For analysis, the main 
stresses are usually categorised into horizontal and vertical. The vertical stress could be 
obtained from equation (14) below, and Figure 2.4 indicates the relationship between vertical 
stresses and excavation depth (Brown and Hoek 1978). 
σv = γH                      (14) 
where σv is the normal stress acting vertically, γ is unit weight of the rock above the excavation 
location, and H is depth under the surface. 
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Figure 2.4: The relationship between vertical stresses and excavation depth 
(Brown and Hoek 1978) 
Compared with vertical stress, horizontal stress is more difficult to estimate. The lateral k factor 
is commonly used to connect the horizontal stress to the vertical stress, which is given by: 
σh = kσv = kγH         (15) 
Measurements of horizontal stresses at civil construction sites indicates that the factor k has a 
tendency to be high at shallow depths and low at deep depths (Brown and Hoek 1978, Herget 
1988). Equation (16) is a simplified equation for estimating the ratio k between the horizontal 
and the vertical stress developed by Sheorey (1994) based on an elasto-static thermal stress 
model of the earth.  
k = 0.25 + 7Eh(0.001 +
1
H
)       (16) 
where H is depth under the ground surface, and Eh is average deformation modulus of the upper 
part of the earth’s crust measured in a horizontal direction. In layered sedimentary rocks, this 
direction of measurement is especially important since the deformation modulus can show a 
huge difference in various directions. 
Figure 2.5 shows the ratio of horizontal to vertical stress for different deformation moduli based 
upon Sheorey’s equation. 
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Figure 2.5: Comparison of the theoretically obtained stress ratio k with the field data 
(Sheorey 1994) 
 
2.9 Tunnel deformation 
Deformations occur in tunnel excavations. Estimating and controlling deformations is the most 
common issue during tunnel construction, and it is extremely important because it directly 
relates to safety issues during the excavation. 
The analysis of tunnel behaviour is fundamental. Hoek et al. (2002) discussed that stresses are 
re-disturbed on the surrounding rock when an underground excavation is being performed. 
Generally, contractions around the tunnel openings would be created by such effects (Hoek 
1982), and the characteristics of the surrounding rock would determine the level of deformation 
(Verman et al. 1997). 
Consider a circular tunnel with radius ro subjected to external stresses po and internal support 
stress pi , as shown in Figure 2.6: 
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Figure 2.6: Plastic zone surrounding a circular tunnel (Hoek 1998a) 
Failure of the rock mass surrounding the tunnel would occur when the internal stress is 
insufficient to support the external stress (Hoek 1998a). Using the Mohr-Coulomb failure 
criterion, the critical support pressure pcr at which failure starts is calculated below: 
pcr =
2Po−σcm
1+k
                     (17) 
where k =
1+sinϕ
1−sinϕ
 and ϕ is friction angle of the rock mass; σcm is uniaxial compressive strength 
of the rock mass. 
If pi > pcr , failure will not happen and the behaviour of rock mass surrounding the tunnel 
remains elastic. The internal radial elastic displacement of the tunnel wall uie is expressed 
below: 
uie =
ro(1+ν)
Em
(po − pi)      (18) 
where Em is Young’s modulus, and ν is Poisson’ ratio of the rock. 
If pi ≤ pcr, failure will happen and a plastic zone with radius of rp will be formed, where: 
rp = r0 [
2(p0(k−1)+σcm)
(1+k)((k−1)pi+σcm)
]
1
(k−1)
     (19) 
For plastic failure, the total inward radial displacement of the tunnel wall uip can be calculated 
as: 
uip =
r0(1+ν)
E
[2(1 − ν)(p0 − pcr(
rp
r0
)2 − (1 − 2ν)(p0 − pi)]     (20) 
3D finite-element models can be used to obtain the radial deformation at tunnel’s face as shown 
in Figure 2.7 for a circular tunnel through a weak rock mass with equal stresses in all directions. 
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The plot in Figure 2.8 shows displacement vectors in the rock mass as well as the shape of the 
deformed tunnel profile. Hoek (1998b) reported that deformation of the tunnel normally begins 
at the one half of the diameter of a tunnel in front of the advancing tunnel face, and the 
magnitude of deformation will reach its maximum value at around one and a half diameters 
from the tunnel face. 
 
Figure 2.7: The pattern of deformation in the rock mass surrounding (Hoek 1998b) 
 
Figure 2.8: The deformation of the rock mass surrounding a circular tunnel (Hoek 1998b) 
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Because the Hoek-Brown failure criterion has been widely used to analyse the common 
behaviour of tunnel deformation trends, dimensionless plots were produced from the result of 
parametric studies by Duncan (1993) and Carranza-Torres and Fairhurst (1999). One of the 
dimensionless graphs is shown in Figure 2.9, which is applied for estimating potential problems 
of tunnel strain by the ratio of the uniaxial compressive strength σcm of the rock mass to the in-
situ stress p0. σcm is the uniaxial compressive strength of rock mass and it can be calculated by 
the following equation (Hoek and Marinos 2000): 
σcm = (0.0034mi
0.8)σci{1.029 + 0.025e
(−0.1mi)}
GSI
             (21) 
Figure 2.9 shows that the trend of deformation increases suddenly when the ratio of the uniaxial 
compressive strength σcm to in-situ stress p0 is less than 0.3. In other words, when excavating 
under conditions where the rock mass uniaxial compressive strength σcm is less than one third 
of the in-situ stress p0, stability problems will occur unless adequate supports are used (Hoek 
1999). In addition, Sakurai (1983) has suggested that stability of tunnels can be related to strain 
in the rock mass surrounding the tunnel. This strain is defined by the ratio of the tunnel 
convergence to the tunnel diameter and its critical value is approximately 1%, which 
differentiates stable tunnels from unstable ones. The critical value of 1% has been marked on 
Figure 2.9, and it can be seen that above this value the strain is very sensitive to changes in the 
strength ratio. 
 
Figure 2.9.: Plot of tunnel deformation Vs rock mass strength’s ratio to in situ stress for 
unsupported tunnels (Duncan 1993 and Carranza-Torres and Fairhurst 1999) 
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Hoek and Marinos (2000) expressed an approximate relationship between strain and the degree 
of tunnel squeezing which is shown in Figure 2.10. 
 
Figure 2.10: A relationship between strain and the degree of tunnel squeezing 
 (Tunnels without support) (Hoek and Marinos 2000) 
 
2.10 Summary 
A conclusion can be made from the past research of rock tunnels: 
1. The majority of past research has been focused on case studies where the tunnel 
deformation has already existed or stability issues has occurred. For these cases, the 
determination of the reasons of tunnel failure is the main subject of investigation. Although case 
studies are valuable for identifying failure modes for predicting potential stability issues, the 
results may be very site-specific. Therefore, the results are difficult to generalise and cannot 
provide assistance to geotechnical engineers who do not have enough experience. 
2. Very few rigorous numerical studies have been undertaken to determine stability of tunnels. 
Especially, there seems to be a gap in the literature for an easy-to-use indicator of tunnel stability 
applicable to wide range of geological conditions.  
3. Most studies of tunnels in rock material are based on Mohr-Coulomb failure criterion 
because it is one of the most frequently used criteria in geotechnical engineering design (Zhao 
2000) and is implemented in most geotechnical software packages (Hoek 1990, Hoek et al. 
2002, Li et al. 2008, Yang and Yin 2010). However, using equivalent Mohr-Coulomb 
parameters to study rock mechanics may overestimate the ultimate shear strength when 
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compared to using Hoek-Brown failure criterion. Therefore, directly implementing Hoek 
Brown failure criterion is more suitable for studying tunnels in rock. 
4. Most of software packages used to design or simulate tunnel behaviour only give simple 
outputs or graphs, such as displacement, stress and so on. They cannot provide information on 
whether or not the tunnel has already failed, or how robust a tunnel design is. 
On the basis of above points, the aim of this thesis is to generate simple-to-use stability 
indicators applicable to a wide range of geological conditions. To do so, we will create a large 
database of tunnel analyses in FEM.  
It should be noted that although, 3D models have many benefits in tunnel studies, their main 
disadvantage is that building a 3D model is difficult, takes a lot of time and is not easy to analyse. 
Due to this reason and considering the large number of tunnel cases required in this study, it is 
decided to limit this study to axisymmetric models of deep tunnels where a simplified 2D model 
can be used instead of a 3D model without loss of accuracy. 
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CHAPTER 3 RESEARCH METHODOLOGY 
As noted in chapter 1, the main aim of this research is to generate simple-to-use stability 
indicators applicable to a wide range of geological conditions. This will be achieved through 
creating and analysing a large numerical database of tunnel models as noted in the previous 
chapter. The specific objectives can thus be listed as follows: 
1. Create a large database of numerical tunnel models 
2. Study the general relationships between different input and output parameters using the 
simulation results. 
3. Summarising the results into easy-to-use fomrs like equations or design charts. 
This chapter provides the details of how the numerical database in objective 2 is generated. 
 
3.1 The software package 
RS2 is a 2D finite element package selected to create the numerical database in this research. 
RS2 can carry out significant number of finite element stress analyses, and analyse rock tunnel 
deformation and distributed stresses causing materials failure in a wide range of geological and 
geotechnical conditions. 
This package is widely used in many engineering projects (Vlachopoulos and Diederichs 2014). 
RS2 is based on FEM and is designed to deal rock materials with Mohr-Coulomb, Generalised 
Hoek-Brown, Cam-Clay, and Carranza-Torres & Diederichs models built into it. In analysing 
and designing underground excavations, the main features of the RS2 which make it a suitable 
candidate for this research include:  
 RS2 is capable of handling axisymmetric models typically used to simulate circular tunnels. 
Despite being 2D, axisymmetric models are as accurate as 3D models for deep circular tunnels. 
 Generalised Hoek-Brown failure criterion is included in RS2 and can be implemented easily. 
 Multi-stage excavation analysis can be created simply and rapidly analysed. 
 Different situations including tunnels in weak rock, hard rock and joined rock can be 
handled. 
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3.2 Scope of investigated parameters 
The range of parameters used in to create the numerical database for this study are listed in 
Table 3.1. 
Table 3.1: Range of parameters used in the models 
Tunnel type Circular tunnel 
External boundary of the model 110m × 80m 
Excavated length of tunnel model 50m 
Tunnel diameter 6m, 8m, 10m 
Tunnel depth (Overburden depth) 
100m, 300m, 500m, 700m, 900m, 1100m, 1300m, 
and 1500m 
Each excavation stage 1m 
GSI (Geological Strength Index) 20, 40, 60, and 80 
Disturbance factor (D) 0 
mi (Constant) 4, 7, 10, 13, 15 and 17  
σci(Uniaxial compressive strength) 
15MPa, 35 MPa, 75 MPa, 125 MPa, 175 MPa, and 
250 MPa  
γ 0.027MN/m3 
The excavation is advanced in 1 m steps by moving the tunnel face, which assures that the 
tunnel advancing increment is less than 0.4D where D is tunnel diameter to avoid significant 
practical errors as suggested by Vlachopoulos and Diederichs (2009). 
 
3.3 Axisymmetric model 
Although 3D analysis is generally more appropriate in tunnel analysis, 2D analysis is still a 
major tool used for analysing the tunnel behaviour and the tunnel supporting design 
(Vlachopoulos and Diederichs 2009). The scope of this research is limited to circular tunnels 
in isotropic conditions. Thus it is possible to use axisymmetric 2D models instead of large 3D 
ones to simulate the system.  
The axisymmetric model in the RS2 is typically used to simulate a circular tunnel in its 
longitudinal section. A 2D model geometry is used with a single axis of symmetry about which 
the model is assumed to be rotated, creating a 3D model. 
Figure 3.1 shows an axisymmetric finite element model with a staged excavation conducted 
incrementally by moving the tunnel material. To obtain accurate results, the staged tunnel-
advance increment should be less than 0.4D (D is the tunnel diameter) to simulate continuous 
tunnel excavation without significant practical errors (Vlachopoulos and Diederichs 2009). 
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Figure 3.1: An axisymmetric finite element model with staged excavation  
 
3.4 The finite element mesh 
In FEM, it is generally desirable to avoid elements with high aspect ratios as such elements can 
cause numerical problems. In some cases, elements may be responsible for non-convergence of 
the finite element solution, causing the analysis to fail. The size and number of elements depend 
largely on the material behaviour, which would influence the final results as well. For a linear 
material, the procedure is relatively simple, and certain zones that are unknown or deformable 
need special attention. These zones require a refined mesh containing smaller elements to obtain 
the best solutions. For a nonlinear material behaviour, the situation is more complex since final 
results may depend on the previous loading history. 
Several important guidelines for mesh generation have been provided, based on numerical 
analysis. According to Bull (2014), a successful mesh should provide: 
a) Adequate overall mesh dimensions to contain the computed stress field or plastic field. 
b) Adequate concentration of elements within critical regions. 
The results obtained from FEM are directly related to the finite-element mesh used. Mesh 
refinement is necessary for numerical precision and efficiency (Tschuchnigg et al. 2015). The 
different number of subdivisions influence the numerical results directly. A study from Liu and 
Zhao (2012) showed that if the mesh is satisfactory, the results would be consistent. However, 
finer mesh settings would consume more computational time for a single model. 
In modelling tunnels, an adequate concentration of elements should be provided in areas where 
high stress or large deformation gradients may appear to maintain accuracy. In this study, finer 
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elements are used in regions where larger deformations would occur. One of the finite-element 
mesh used for the 2D problem of tunnel deformation is shown in Figure 3.2. 
 
Figure 3.2: Meshes for the 2D problem of tunnel deformation 
The size of the model would influence the accuracy of results as a practically infinite medium 
is modelled in a finite size. This model’s dimensions is 110m × 80m, which are adjusted and 
decided by numerous tests and analyses of the simulations at the beginning of this research. 
Model size is found to be large enough to reasonably contain the plastic zone and the stress 
field around the opening without significant changes at the boundaries of the model. 
Appropriate boundary condition is an important component in the analysis of tunnel 
deformation. Roller supports have been used along the edges as shown in Figure 3.2. 
Six-node modified triangular elements, as shown in Figure 3.3, are selected for modelling 
because this element can capture the variation of strains and therefore stresses of the element 
(Hughes 2012). More than 20000 good quality elements with aspect ratio of near one are used 
in the mesh. Finer elements are used in regions where special attention should be needed to 
improve the accuracy of the results. 
 
Figure 3.3: A six node triangular element 
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3.5 Material properties 
Hoek and Brown (1997) have listed typical properties for different rock types, shown in Tables 
3.2, 3.3 and 3.4. Moreover, Hoek and Marinos (2000) have provided information on the field 
estimates of the uniaxial compressive strength, shown in Table 3.5. These typical values have 
been used to define the range of material properties in simulations conducted in this research. 
Table 3.2: Typical properties for a very good quality rock mass (Hoek and Brown 1997) 
 
Table 3.3: Typical properties for an average rock mass (Hoek and Brown 1997) 
 
Table 3.4: Typical properties for a very poor quality rock mass (Hoek and Brown 1997) 
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Table 3.5: Field estimates of the uniaxial compressive strength (Reproduced after Hoek and 
Marinos 2000) 
Term 
Uniaxial 
Compressive 
Strength 
(MPa) 
Field estimate of strength Examples 
Extremely 
Strong 
> 250 
Specimen can only be chipped 
with a geological hammer 
Fresh basalt, chert, diabase, 
gneiss, granite, quartzite 
Very strong 100 - 250 
Specimen requires many blows of 
a geological hammer to fracture it 
Amphibolite, sandstone, 
basalt, gabbro, gneiss, 
granodiorite, peridotite , 
rhyolite, tuff 
Strong 50 - 100 
Specimen requires more than one 
blow of a geological hammer to 
fracture it 
Limestone, marble, 
phyllite, sandstone, schist, 
shale 
Medium 
strong 
25 - 50 
Cannot be scraped or peeled with 
a pocket knife, specimen can be 
fractured with a single blow from 
a geological hammer 
Claystone, coal, concrete, 
schist, shale, siltstone 
Weak 5 - 25 
Can be peeled with a pocket knife 
with difficulty, shallow 
indentation made by firm blow 
with point of a geological hammer 
Chalk, rocksalt, potash 
Very weak 1 - 5 
Crumbles under firm blows with 
point of a geological hammer, can 
be peeled by a pocket knife 
Highly weathered or altered 
rock, shale 
 
3.6 Summary  
Details of the numerical analysis procedures used in this study have been presented briefly in 
this chapter. The reasons behind using the RS2 software package are also explained. The 
numerical methods presented in this chapter have been used to analyse the tunnel stability for a 
wide range of tunnels constructed problems in various geological conditions. The range of 
parameters listed in Table 3.1 provide a reasonably large numerical database of more than 700 
tunnels which are studied in the next section for general trends and relationships. 
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CHAPTER 4 ANALYSIS OF RESULTS 
This chapter presents some general observations based on the results of the numerical analyses 
obtained from the large database of tunnel models made in RS2. 
4.1 Longitudinal displacement and radial strain profiles  
Tunnel size is generally an essential factor in deciding the feasibility of tunnel design, and it 
influences tunnel deformation and tunnel stability. The relationship between tunnel deformation 
and tunnel size is analysed in this section. The tunnel displacement profile from the beginning 
of excavation (0m) to full excavation (50m) is shown in Figure 4.1. 
 
Figure 4.1: Tunnel displacement profile with full tunnel excavation of 50m  
Several extreme conditions, such as poor geological conditions, are encountered in certain 
tunnel constructions. Tunnel radius exerts a considerable influence in extreme conditions. 
Figure 4.2 and Figure 4.3 show the relationship between tunnel deformation and different tunnel 
radii, 3m, 4m and 5m, under extremely poor conditions with UCS = 15MPa, GSI = 20, p0 =
5.4MPa and fully excavated length = 50m. A significant increase in tunnel deformation is 
observed when the tunnel radius is increased from 3m to 4m. 
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Figure 4.2: Relationship between tunnel deformation and three tunnel radii 
 
Figure 4.3: Relationship between radial strain ε and three tunnel radii 
The results in Figure 4.2 indicate that the maximum deformation is about 0.1 m for the tunnel 
with a radius of 3m. However, the maximum deformation is close to 1 m in tunnels with radii 
of 4m and 5m. This result indicates that tunnels with large radii cause large deformation and 
may not be constructed without appropriate supports under extreme geological conditions. 
When looking at the radial strain ε, defined as the ratio of radial deformation per radius, in 
Figure 4.3, interestingly the profile for radii of 4 and 5m are almost identical. However, the 
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result for R = 3m is considerably different in this case. Based on results shown in Figure 4.2 
and Figure 4.3, the deformation and the radial strain ε of the tunnels with large radii are 
considerably larger than that of tunnel with a radius of 3m, but not very different from each 
other. This sudden change suggests that elastic rock tunnel behaviour is exhibited by the tunnel 
with a radius of 3m whereas for tunnels with large radii (4m and 5m) the rock mass is 
experiencing failure and plastic behaviour. Therefore, it could be concluded that the tunnel size 
is an important factor in tunnel design because different tunnel sizes lead to different tunnel 
behaviour (plastic or elastic) when a tunnel is excavated in a poor geological condition. The 
results discussed below provide further evidence to support this conclusion. 
Overburden pressure or in-situ stress also plays an important role when a tunnel is located in 
extremely poor geological conditions, as presented in Figure 4.4 and Figure 4.5. In these figures, 
all parameters are similar to those in Figure 4.2 and Figure 4.3, except for p0 which is halved. 
 
Figure 4.4: Relationship between tunnel deformation and three tunnel radii 
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Figure 4.5: Relationship between radial strain ε and three tunnel radii 
As expected, Figure 4.4 shows that increasing tunnel radius increases tunnel deformation. 
However, unlike Figure 4.3, in Figure 4.5 all radial strain profiles collapse into a single profile. 
The reason is that the behaviour of rocks surrounding the tunnels remains mainly elastic under 
this lower overburden pressure. 
Comparison of Figure 4.3 and Figure 4.5 shows that a tunnel with a small radius could be 
excavated deeper than a tunnel with a large radius if geological conditions are similar. For 
example, a tunnel with a radius of 3m could retain its elastic behaviour if overburden depth 
increases from 100m to 200m (p0 is increased from 2.7MPa to 5.4MPa). However, tunnels with 
radii of 4m and 5m cannot retain their elastic behaviour when overburden depth changes from 
100m to 200m (p0 is increased from 2.7MPa to 5.4 MPa). 
According to this analysis, tunnel size influences tunnel behaviour, whether elastic or plastic. 
Especially when a tunnel is in extreme geological conditions, tunnel size is regarded as an 
important factor in predicting tunnel deformation because larger tunnel size can lead to plastic 
behaviour. However, the radial strain is not changing dramatically when the rocks are behaving 
elastically. 
For tunnels in reasonable geological conditions, Figure 4.6 demonstrates the trend lines of radial 
strain ε (ratio of tunnel deformation and tunnel radius) for geological conditions with GSI = 20, 
radii=3m, 4m, 5m, p0 = 2.7MPa, excavated length = 50m and different UCS values. Tunnel 
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deformation decreases with increasing UCS. Figure 4.6 shows the similar trend as Figure 4.5, 
in which profiles of radial strain ε are similar when the tunnels are under the same geological 
conditions. 
 
Figure 4.6: Relationship between radial strain ε and three tunnel radii with different UCS 
For UCS = 15MPa , radius = 3m, 4m, 5m , excavated length = 50m  and p0 = 2.7MPa , the 
relationship of tunnel deformation and tunnel size in various GSI is displayed in Figure 4.7. 
 
Figure 4.7: Relationship between radial strain ε and three tunnel radii with different GSI 
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The results shown in Figure 4.7 indicate that the tunnel deformation decreases when GSI 
increases. However, profiles of radial strain ε (ratio of tunnel deformation and tunnel radius) 
for different tunnel radii are almost identical. 
The effects of overburden stresses are shown in Figure 4.8. An increase in overburden stresses 
leads to increments in tunnel deformation. In this example, higher quality rocks are 
demonstrated as the tunnels in weaker rock would not be stable. The parameters used are UCS =
75MPa , GSI = 40 and excavated length = 50m . For tunnels at the same depth, profiles of 
radial strain ε for different tunnel radii are similar. 
 
Figure 4.8: Relationship between radial strain ε and three tunnel radii with different 
overburden stresses 
According to the results presented in this section, tunnel deformation changes with different 
tunnel radii regularly when tunnels are under reasonable geological conditions. Therefore, 
tunnel size is not an important factor when tunnel deformation exhibits elastic behaviour. When 
a tunnel encounters extremely poor geological conditions, tunnel size becomes an important 
factor in tunnel design. 
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4.2 Changes in displacement of a point during tunnel excavation 
This section analyses the change in displacement of a point during the stepwise excavation.  
Figure 4.9 shows an axisymmetric model with details of stepwise excavated direction and the 
location of the observed point A. 
 
Figure 4.9: Details of stepwise excavation and the location of the observed point A 
Basically, large deformations occur at large distances from the excavation face. Figure 4.10 is 
based on the results of the case with UCS = 15MPa, GSI = 20, radius = 4m and overburden 
stress p0 = 2.7MPa. It shows that the normalised tunnel deformation of point A increases as the 
tunnel excavation proceeds. 
 
Figure 4.10: Deformation of point A for excavated length of 0m to 50m (u: deformation after 
each step of excavation; umax: the maximal deformation; L: excavated length; R: tunnel radius) 
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Figure 4.10 shows that when the excavated length is about seven and a half tunnel radius, 
normalised tunnel deformation (uA uA max)⁄  reaches 97%, which means the deformation of 
point A nearly reaches its maximum value, and the growth of the normalised tunnel deformation 
stabilises after   L R =⁄ 7.5 . In other words, during tunnel excavation, the deformation that 
occurs at point A is nearly unaffected when the excavated length exceeds about 7.5 times the 
tunnel radius.  
According to this analysis, tunnel deformation reaches its maximum value, and nominalised 
tunnel deformation stabilises once L R⁄  exceeds a certain value. This value corresponds to the 
critical point beyond which the plain strain assumption is valid in modelling the tunnel because 
all the points beyond this critical point observe the same radial deformation. When the 
excavated length is less than this critical value, the effect of the excavation face is significant 
ruling out the plane strain assumption. At this zone the tunnel behaviour is three-dimensional. 
This zone is referred to as the face zone hereafter. The critical location identifying the limit of 
the face zone (and the plane strain zone) is termed the plane strain point. 
In general, the location of the plane strain point depends on the uniaxial compressive strength 
(UCS) of the intact rock, GSI and overburden stresses p0. The face zone shrinks when the rock 
mass has high value of UCS, high value of GSI, and is under low overburden stresses. 
Figure 4.11 shows the normalised deformation at point A for different UCS values with stepwise 
excavation length of 0m to 50m. The other parameters are GSI = 20, radius = 4m and p0 =
2.7MPa. 
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Figure 4.11: Deformation of point A with different UCS for excavated length of 0m to 50m. 
(u: deformation of each step; umax: the maximal deformation; L: excavated length; R: tunnel 
radius) 
As shown in Figure 4.11, tunnels with the same GSI values, tunnel sizes, and overburden 
stresses but different values of UCS are excavated to exceed their plane strain point. For rock 
materials with high UCS, tunnel deformation reaches the maximum value early. The greater the 
UCS, the smaller the face zone. Table 4.1 shows the locations of plane strain points with 
different UCS values based on Figure 4.11. 
Table 4.1: Locations of plane strain points with rock classification 
Based on GSI=20, tunnel radius=4m and overburden stress po = 2.7MPa 
Rock classification Location of plane strain point occurrence 
Soft rock 
(Soils ≤ UCS < 25MPa) 
Normalised tunnel excavated length L/ R = 7.5 
Medium rock 
(25MPa ≤ UCS < 50MPa) 
Normalised tunnel excavated length L/ R = 5.0 
Strong rock 
50MPa ≤ UCS < 100MPa 
Normalised tunnel excavated length L/ R = 4.5 
Very strong rock 
(100MPa ≤ UCS < 250MPa) 
Normalised tunnel excavated length L/ R = 4.5 
Extremely strong rock 
(250MPa ≤ UCS) 
Normalised tunnel excavated length L/ R = 4.5 
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On the basis of the results given in Table 4.1, it could be concluded that the values of plane 
strain points for tunnels with high UCS rock materials are smaller than the values for tunnels 
with low UCS rock materials in the processed tunnel. Moreover, it also indicate that the greater 
the UCS, the shorter the face zone. 
Figure 4.12 demonstrates that also the GSI value influences the face zone. The tunnels are 
under UCS = 15MPa, radius = 4m p0 = 2.7MPa and GSI = 20 to 80. 
 
Figure 4.12: Deformation of point A with different GSI for excavated length of 0m to 
50m. (u: deformation after each step of excavation; umax: the maximal deformation; L: 
excavated length; R: tunnel radius) 
Table 4.2: Locations of plane strain points with GSI values 
Based on UCS = 15MPa, radius=4m and po = 2.7MPa 
GSI Locations of Plane Strain Point Occurrence 
GSI=20 Normalised tunnel excavated length L/ R = 7.5 
GSI=40 Normalised tunnel excavated length L/ R = 5.0 
GSI=60 Normalised tunnel excavated length L/ R = 4.5 
GSI=80 Normalised tunnel excavated length L/ R = 4.5 
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GSI is a crucial factor in predicting the location of the plane strain point and face zone during 
tunnel excavation. A low GSI, such as  GSI = 20 , indicates poorly interlocked and heavily 
broken rock mass, and high GSI, such as GSI = 80, indicates well-interlocked, undisturbed rock 
mass. On the basis of the various interlocked degrees of rock mass, the relationship in Figure 
4.12 indicates that a high value of GSI causes the face zone to be shorter and vice versa. 
Deformations of a tunnel at a certain depth is affected by the result of stresses from the weight 
of the strata on top of it. Therefore, overburden stress is another important factor. The 
relationship between face zone and various overburden stresses is shown in Figure 4.13. The 
parameters defining these tunnel models include UCS = 75MPa ,GSI = 40 , radius = 4m and 
overburden stresses  =  2.7MPa to 40.5MPa. Table 4.3 lists location of plane strain points with 
various overburden stresses. 
 
Figure 4.13: Deformation of point A with different overburden stresses for excavated 
length of 0m to 50m. (u: deformation after each step of excavation; umax: the maximal 
deformation; L: excavated length; R: tunnel radius) 
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Table 4.3: Locations of plane strain points with various overburden stresses 
Based on UCS = 75 MPa, GSI = 40, radius = 4m 
Overburden stresses Locations of plane strain point occurrence 
p0 = 2.7MPa Normalised tunnel excavated length L/ R = 4.5 
p0 = 8.1MPa Normalised tunnel excavated length L/ R = 5.0 
p0 = 13.5MPa Normalised tunnel excavated length L/ R = 5.0 
p0 = 18.9MPa Normalised tunnel excavated length L/ R = 5.5 
p0 = 24.3MPa Normalised tunnel excavated length L/ R = 7.0 
p0 = 29.7MPa Normalised tunnel excavated length L/ R = 7.0 
p0 = 35.1MPa Normalised tunnel excavated length L/ R = 7.5 
p0 = 40.5MPa Normalised tunnel excavated length L/ R = 7.5 
According to Figure 4.13, when a tunnel is excavated at a shallow depth, the stresses on the 
tunnel are relatively small, leading to the plane strain point appearing at a location that is near 
observed point A. For example, when overburden stress p0 = 2.7MPa  acts on the tunnel, its 
plane strain point appears at location L/ R = 4.5. On the other hand, large stresses on a tunnel 
cause large displacement pushing the plane strain point away from the observed point A. For 
example, the deformation of the tunnel under overburden stress p0 = 40.5MPa  continues to 
increase until the excavated length is about 7.5 times the tunnel radius. 
Considering all the results, for extremely poor rocks the plane strain point is identified by L/R =
7.5. In all tunnel models in this research, the deformation of the observed point reaches its 
maximum value once or before L/R reaches 7.5. Hence to develop the complete displacement 
or radial strain profile, the tunnel length should at least be 7.5 times its radius. 
An example is shown in Table 4.4 and Figure 4.14, based on the relationship between 
longitudinal displacement profile and tunnel size as discussed in Section 4.1 and the plane strain 
point L/R =  7.5 . Tunnels considered are with different radii and:UCS = 15MPa ,GSI = 20 , 
radius = 3m, 4m and 5m  and  overburden stresses =  2.7MPa . The plane strain point  L/
R =  7.5 is used to analyse tendencies of tunnel deformation with three different tunnel radii. 
Table 4.4 lists critical excavated length for three tunnel radii, and they are marked on Figure 
4.14. 
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Table 4.4: The critical excavated length with various tunnel radii 
Using the plane strain point L/R =  7.5 finds the critical excavated length (L) 
Tunnel radius The critical excavated length (L) 
3m 22.5m 
4m 30m 
5m 37.5m 
 
 
Figure 4.14: Deformation of point with three different radii for excavated length of 0m 
to 50m (u: deformation after each step of excavation; umax: the maximal deformation; L: 
excavated length; R: tunnel radius) 
Figure 4.14 indicates that although the tunnel with a large radius requires a large excavated 
length to reach its maximum deformation and vice versa, normalised tunnel deformations are 
same for tunnels with same geo-conditions but different radii at L/R = 7.5. In other words, 
deformation of those tunnels almost reaches their maximum value at L/R = 7.5. Hence, the 
maximum deformation should occur within an excavated length equals of 7.5 times tunnel 
radius in reasonable tunnel cases. 
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Based on the values calculated in Table 4.4, for this research the excavated length of 50m is 
considered adequate to capture the full longitudinal profiles of radial deformation and radial 
strain. 
Face zone can be used as a reference for tunnel support design. If the deformation at a certain 
location needs to be controlled, support must be installed within its face zone. Figure 4.15 
schematically shows the concept of face zone for an advancing tunnel. If the deformation of 
location A needs to be controlled, supports should be installed in segment AB. The reason is 
that if the excavating length exceeds location B, any influence caused by further excavation 
would no longer affect the deformation on location A as the deformation at this point has already 
reached its maximum value. 
 
Figure4.15: An example of the face zone 
The same concept carries on during the excavation process. If the tunnel is excavated 
continuously to location C, the part of the tunnel before location B would not be influenced. 
Similarly, if supports are installed on the left side of location B, these supports would not 
support location C. 
 
4.3 Longitudinal displacement profile for advancing tunnel face 
Investigating the potential deformation of an advancing tunnel face is as important as 
investigating the excavated part of the tunnel because the former can help assess the trend of 
tunnel deformation change and potential risks in further excavation. Tunnels with different geo-
conditions are simulated and their trend of deformation changes at their advancing face is 
discussed in this section. 
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Figure 4.16 provides basic information on models  tunnel radius = 4m, excavated length =
30m (as discussed for L/R=7.5 in Section 4.2, the excavated length=30m is reasonable in this 
case). 
 
Figure 4.16: Tunnel displacement profile on both excavated region and unexcavated 
region 
The relationship of UCS values and normalised tunnel deformation in the advancing tunnel face 
is shown in Figure 4.17. The geo-conditions include 15MPa ≤ UCS ≤  250MPa, GSI = 40, 
radius = 4m and p0 = 8.1MPa. The normalised tunnel deformation of the advancing tunnel 
face is proportional to UCS values. In Figure 4.17, five normalised tunnel deformations of the 
advancing tunnel face form two distinct groups. The upper part is made up of high value of 
UCS including  UCS = 75MPa , UCS = 175MPa  and  UCS = 250MPa , which seem to be 
governed mostly by elastic behaviour and the lower part consists of low value of UCS including 
UCS = 15MPa and UCS = 35MPa where some failure might have happened in rock mass. The 
results show that high values of UCS cause greater normalised deformation ahead of the 
advancing face and vice versa. 
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Figure 4.17: Longitudinal displacement profile for advancing tunnel face with UCS 
change 
Figure 4.18 shows the normalised deformation of excavated tunnels in GSI from 20 to 80, 
UCS = 35MPa, radius = 4m and p0 = 8.1MPa . The normalised tunnel deformation of the 
advancing tunnel face increases as GSI increases. 
 
Figure 4.18: Longitudinal displacement profile for advancing tunnel face with GSI 
change 
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Figure 4.19 represents change of normalised tunnel deformation of the advancing tunnel face 
under conditions with UCS = 35MPa , GSI = 40 , radius = 4m  and varying overburden 
stresses. Increasing the overburden stresses results in a decrease in the normalised tunnel 
deformation of the advancing tunnel face. 
 
Figure 4.19: Longitudinal displacement profile for advancing tunnel face as overburden 
stresses change 
Based on the analysis of Figures 4.17 to 4.19, the unexcavated region in front of tunnels in rocks 
with poor conditions is subjected to greater influence than tunnels in rocks with good conditions. 
This is because their trend lines of normalised tunnel deformation stand on a lower position in 
unexcavated region, which means the tunnel deformation has a significant reduction in the 
unexcavated region relative to their deformation in the excavated region. Therefore, lower 
normalised tunnel deformation in the unexcavated region, is a sign of better quality rock. 
A special case is presented in Figure 4.20. The tunnel is simulated at a shallow depth (p0 =
2.7MPa ) with a high GSI  (GSI = 80). Although UCS values change from 15MPa to 250MPa, 
normalised tunnel deformations overlap. The reason is that the overburden pressure at this depth 
is not enough to cause any failure in the rock. Therefore, it could be speculated that if the tunnel 
is excavated on a shallow location and with a good enough GSI value, the UCS value almost 
does not influence the tunnel deformation profile. In such cases, as the tunnel behaviour is 
mainly elastic, no support is needed to enhance tunnel’s stability. 
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Figure 4.20: Longitudinal displacement profile for advancing tunnel face with UCS 
changing and high GSI 80 at shallow depth100m  
Figures 4.17 and 4.20 describe the relationship of longitudinal displacement profile for 
advancing tunnel face and various UCS values. The difference is that rock masses in Figure 
4.17 have lower GSI value (GSI=40) and higher overburden stress (p0 = 8.1MPa ). Results 
shown in Figure 4.17 reveal that when the value of UCS changes from low to high, tunnel 
deformation changes from plastic to elastic behaviour, which causes the dispersal of trend lines 
of normalised tunnel deformation in the unexcavated region. Figure 4.20, on the other hand, 
shows results for rocks with GSI=80 and low overburden stress  2.7 MPa . For these rocks, 
different UCS values result in similar normalised tunnel deformations. It can be concluded that 
if the GSI value is high enough (representing rock masses with fewer cracks or joints), 
normalised tunnel deformation would not be influenced by UCS values in either of excavated 
or unexcavated regions. This similarity in deformation profile indicates elastic behaviour which 
is observed in rock material with high GSI value even when UCS value is low. 
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4.4 Maximum tunnel deformation 
This section discusses the changes in maximum tunnel deformation when tunnels are excavated 
in rocks with different GSI and variable stressed conditions. The results of this section could 
help assess tunnel stability and the rationality of tunnel size and depth.  
Hoek and Marinos (2000) discussed the relationship between tunnel wall displacement and 
tunnel diameter against the relationship between the uniaxial compressive strength of rock mass 
and in-situ stress in weak heterogeneous rock masses, as shown in Figure 4.21. 
 
Figure 4.21: The tunnel convergence against 𝛔𝐜𝐦/𝐩𝟎 (Duncan 1993 and Carranza-Torres 
and Fairhurst 1999) 
The ratio of the uniaxial compressive strength of the rock mass to in-situ stress could be an 
indicator in predicting tunnel squeezing (Hoek and Marinos 2000). Figure 4.21 shows that when 
the ratio of in-situ uniaxial compressive strength to in-situ stress is less than 0.3, the trend line 
of strain ε exhibits a steep increase. In other words, for excavations conducted where the rock 
mass compressive strength is less than one-third of the in-situ stress level, stability problems 
may occur unless adequate support is provided. Sakurai (1983) also suggested that the stable 
situation of tunnels could be evaluated through a percent strain ε (tunnel closure / tunnel 
diameter) in the rock mass surrounding the tunnel. Figure 4.22 expresses an approximate 
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relationship between strain ε and the degree of tunnel squeezing, which was summarised by 
Hoek and Marinos (2000). 
 
Figure 4.22 Relationship between strain ε and the degree of tunnel squeezing (Tunnels 
without support) (Hoek and Marinos 2000) 
A method similar to what is shown in Figure 4.22 analyses tunnel deformations with a wide 
range of rock materials, geo-conditions and different tunnel sizes. Hundreds of tunnel cases are 
simulated with the following ranges of parameters: uniaxial strength of intact rock of 15MPa 
to 250MPa ; GSI of 20 to 80; tunnel diameter of 6m, 8m and 10 m; overburden stresses of 
2.7MPa to 40.5MPa and Hoek-Brown constant mi of 4 to 17. 
Figure 4.23 to Figure 4.26 show the changes in deformation for excavated tunnels under varying 
overburden stresses and different GSI. Tendencies of tunnel deformation with GSI = 20 are 
presented in Figure 4.23; GSI = 40 in Figure 4.24; GSI = 60 and GSI = 80 in Figure 4.25 and 
Figure 4.26 respectively. 
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Figure 4.23(a): Tunnel deformation against 𝛔𝐜𝐢/𝐩𝟎 
 
 
Figure 4.23(b): Radial strain ε against 𝛔𝐜𝐢/𝐩𝟎 
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Figure 4.24(a): Tunnel deformation against 𝛔𝐜𝐢/𝐩𝟎 
 
 
Figure 4.24(b): Radial strain ε against 𝛔𝐜𝐢/𝐩𝟎 
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Figure 4.25(a): Tunnel deformation against 𝛔𝐜𝐢/𝐩𝟎 
 
 
Figure 4.25(b): Radial strain ε against 𝛔𝐜𝐢/𝐩𝟎 
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Figure 4.26(a): Tunnel deformation against 𝛔𝐜𝐢/𝐩𝟎 
 
 
Figure 4.26(b): Radial strain ε against 𝛔𝐜𝐢/𝐩𝟎 
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in similar geological conditions, including observations of Sakurai (1983) and the approximate 
relationship between strain ε and the degree of tunnel deformation summarised by Hoek and 
Marinos (2000). For tunnels in rock masses with high GSI value, although Hoek and Marinos 
(2000) noted that the tunnel might suffer from few support problems if strain ε is less than 1%, 
the change in tunnel deformation can be very sensitive to changes in stress (σci p0)⁄  when strain 
ε exceeds a certain critical value, as shown in Figures 4.25 and 4.26. 
Through all data analysis of Figure 4.23 to Figure 4.26, critical σci p0⁄  and critical radial strain 
ε can be defined based on a selected sensitivity, d (umax R)⁄ d (σci p0)⁄⁄ = 0.005. The critical 
strength ratio and critical radial strain ε for different rock properties are listed in Table 4.5. 
Table 4.5: Summary of critical strength ratio and critical radial strain value 
GSI Figure No. 
x axial 
Uniaxial compressive 
strength /overburden stress 
(σci p0⁄ ) 
y axial 
Radial strain ε = (tunnel radial 
deformation/tunnel 
radius)*100% 
Critical strength ratio 
(σci p0⁄ ) 
Critical strain value 
(umax R) ∗ 100%⁄  
GSI=20 Figure 4.23 (b) σci/p0  =  8.5 (umax R) ∗ 100%⁄ = 2.7% 
GSI=40 Figure 4.24 (b) σci/p0  =  4 (umax R) ∗ 100%⁄ = 1.3% 
GSI=60 Figure 4.25 (b) σci/p0  = 2.1 (umax R) ∗ 100%⁄ = 0.07% 
GSI=80 Figure 4.26 (b) σci/p0  = 1 (umax R) ∗ 100%⁄ = 0.05% 
According to an analysis of the ratio of uniaxial compressive strength σci to overburden stress 
p0, as shown in Table 4.5, if tunnels are excavated with GSI=20 and σci p0⁄ ≤ 8.5 then the 
tunnels would have greater deformation, which would result in stability problems and 
furthermore the tunnel deformation would increase very rapidly with small changes in the 
values of UCS or p0. Values of critical σci p0⁄  decrease as GSI values increase. Stability issues 
should be considered when σci p0⁄ ≤ 4 for tunnels in rock material with GSI = 40. For tunnels 
in rocks with GSI = 60  and GSI = 80  instability may be a problem when  σci p0⁄ ≤ 2.1 
and σci p0⁄ ≤ 1, respectively.  
Furthermore, Table 4.5 also shows how critical radial strain ε changes when GSI changes. For 
tunnels in rocks with GSI=20, the critical radial strain value is 2.7%. When GSI increases to 40, 
the critical radial strain ε would drop to 1.3%. When the tunnel is excavated in rock materials 
with GSI = 60 and GSI = 80, the critical values drop to 0.07% and 0.05%, respectively.  
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Although when strength ratio (σci p0⁄ ) of tunnels in rocks with GSI = 80 is smaller than the 
critical σci p0⁄  and the tendency of radial strain ε exhibits a sudden change as the critical radial 
strain ε is reached and exceeded, the tunnel deformation does not have significant changes and 
stability issues may not occur if rock tunnels are under GSI = 80 as shown in Figure 4.26 (a).  
The maximum deformation and radial strain ε of the tunnels with three radii are marked in 
Figure 4.23 (a) and Figure 4.23 (b). Results are shown Table 4.6. Those tunnels are under the 
same geo-conditions with UCS = 15MPa, GSI = 20, p0 = 5.4MPa. 
Table: 4.6: The maximum deformation and radial strain ε of the tunnel with three radii 
Critical radial strain ε = (umax R) ∗ 100%⁄ = 2.7% 
Point B C D 
Radius 3m 4m 5m 
umax 0.1 m 0.73 m 0.9 m 
(umax R) ∗ 100%⁄  3.3% 18.2% 18% 
These results clarify that tunnels with greater radius undergo larger deformation, and tunnels 
with radii = 4m and 5m encounter extreme and unreasonable deformation because their radial 
strain ε exceeds the critical radial strain ε 2.7% and reaches 18%, which is consistent with the 
conclusion in Section 4.1. 
Four points (E, F, G and H) are marked in Figure 4.24(a) and Figure 4.24(b) which shows four 
maximum deformation and values of σci p0⁄   of tunnels with  σci = 15MPa ,  GSI = 40, R =
4m and p0 = 2.7MPa, 8.1MPa, 13.5MPa and 18.9MPa. Results are shown in Table 4.7. 
Table 4.7: The longitudinal deformation profiles for these four points. 
Critical σci p0 = 4⁄  
Overburden 
stresses 
p0 = 2.7MPa p0 = 8.1MPa p0 = 13.5MPa p0 = 18.9 MPa 
Point E F G H 
umax 0.013 m 0.126 m 0.441 m 1.069 m 
σci p0⁄  5.56 1.85 1.11 0.79 
The σci p0⁄  at point E is larger than the critical σci p0 = 4⁄ , thus, the tunnel is almost stable. 
The σci p0⁄  at point F is smaller than the critical σci p0⁄ , which indicates that the tunnel with 
p0 = 8.1MPa is in a sensitive condition and appropriate support at certain locations should be 
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considered during tunnel excavation. Points G and H have lower σci p0⁄  values than the critical 
σci p0⁄  as well, which means that unreasonable deformation would occur, or the tunnel design 
is unreliable. 
To sum up, the critical σci/p0 and the critical radial strain ε provide a way to classify the 
situations into two: sensitive designs and robust designs. For example, if the rock properties, 
uniaxial compressive strength σci and GSI, are known, the tunnel designs, such as overburden 
and radius, could be estimated for a robust design without support. The critical σci/p0 and the 
critical radial strain ε are also used to predict the tendency of tunnel deformation, thereby 
providing an assessment of potential tunnel stability problems. 
 
4.5 Simplified equations and design charts  
Based on hundreds of simulations, the results reported in previous sections are grouped and 
presented in this section. Graphs and equations are created to relate tunnel deformation and geo-
conditions. 
Figure 4.27 shows all analysis results, which are grouped on the basis of different GSI values 
by curve fitting method. 
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Figure 4.27: Maximum tunnel deformation umax/tunnel radius R against Uniaxial compressive strength σci /overburden stress γH under 
different GSI values
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Looking at Fig 4.27, principal factors including low GSI values, low UCS values and high 
overburden strength cause the value of radial strain ε to be sensitive to changes in stress and 
loading conditions at a small value of σci  to γH and vice versa. Compared with the curve of 
GSI = 60 and the curve of GSI = 80, trends are similar and can be represented by one line until 
σci/γH =  1.5 is reached. Thereafter, they are split into two separate lines. Moreover, Figure 
4.27 can be used for estimating tunnel maximum deformations and potential tunnel stability 
issues by basic information of geo-conditions. 
According to four equations as shown in Figure 4.27 for all GSI values a power relationship 
exists between ε = umax R⁄  and σci γH⁄  in the following form, 
ε =  α (
σci
γH
)
−β
 
where α and β depend on GSI values. For different GSI values, Table 4.8 and Figure 4.28 are 
created to find equations for α and β. 
Table 4.8: Data analysis from Figure 4.27 
GSI α β 
20 0.802 1.603 
40 0.0952 1.480 
60 0.0215 1.487 
80 0.0051 1.097 
 
Figure 4.28: Data analysis based on Table 4.8 
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According to above data analysis, following equations are obtained: 
α = 41489 ∗ GSI−3.577                   (4.1) 
and  
β = −0.0076 ∗ GSI + 1.7945                 (4.2) 
Therefore all the points in Figure 4.27 could be represented by the following equation: 
εmax =
umax
R
= 41489GSI−3.577 × (
σci
γH
)
0.0076GSI−1.7945
            (4.3) 
where ε is maximum radial strain, umax is the maximum tunnel deformation, R is the tunnel 
radius, GSI is Geological Strength Index, σci is uniaxial compressive strength, γ is unit weight, 
and H is the overburden depth. 
The maximum tunnel deformation and all parameters are connected by above equation. 
Through this equation, the maximum tunnel deformation can be obtained easily if basic 
geological parameters are known. Moreover, the equation can also be used to estimate the strain 
of the tunnel for checking potential tunnelling problems. 
Based on analysis of longitudinal deformation profiles in previous sections, tunnel deformation 
can be influenced by uniaxial compressive strength σci, overburden depth H and tunnel radius 
R. Each of these parameters may causes stability issues in different tunnel excavating cases. 
Therefore, those basic and important parameters must be considered for studying deformation 
of a tunnel. As a consequence, a dimensionless number, N, is introduced in the following form, 
which describes the relationship between essential parameters and deformation of tunnels in 
both tunnel design and geological conditions.  
N(x) =
σci 
γH
×
u(x)
R
                    (4.4) 
where x indicates longitudinal location.  
All N numbers from hundreds of reasonable tunnel cases have been summarised and grouped 
into one figure. In the figure, all lines of N numbers are divided into approximately eight groups. 
The middle value is selected from each group to create Figure 4.29, which shows how the eight 
typical N numbers are changing through stepwise excavation. 
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Figure 4.29: The relationship between normalised tunnel length and N  
Figure 4.29 connects the maximum deformation (which can be obtained from Fig 4.27) and the 
deformation at each location from the tunnel face. Basic parameters of rock materials and geo-
conditions are included in this figure. Therefore, this figure can be used as a reference to 
estimate tunnel deformation at each location in an excavated and unexcavated region, or 
roughly assess the location that tunnel stability issues may occur during a tunnel project. 
In the following section, few examples are presented to demonstrate possible applications of 
the above results. 
 
4.6 Numerical examples 
Example 1: 
In order to demonstrate the application of the equation presented in the above text, an example 
of a tunnel at overburden depth of 100m is considered. This tunnel passes through a rock 
with σci = 15MPa , GSI = 20,  γ = 0.027MN/m
3, and mi = 7, therefore, the maximum strain 
εmax can be obtained: 
εmax =
umax
R
= 41489GSI−3.577 × (
σci
γH
)
0.0076GSI−1.7945
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εmax =
umax
R
= 41489 × 20−3.577 × (
15
0.027 × 100
)
(0.0076×20−1.7945)
= 𝟓. 𝟓% 
The result can be compared with the percent strain equation ε = 0.2(σcm/p0)
−2 published by 
Duncan (1993) and Carranza-Torres and Fairhurst (1999), as shown in Figure 2.9. This equation 
was defined for circular tunnels in weak rock mass conditions with p0 = 2 to 20 MPa, tunnel 
diameter d =  4 to 16m, σci = 1 to 30MPa , Hoek-Brown constant mi = 5 to 12 , and GSI =
10 to 35. Using equation (21) we have, 
σcm = (0.0034mi
0.8)σci{1.029 + 0.025e
(−0.1mi)}
GSI
 
σcm =  (0.0034 × 7
0.8) × 15 × {1.029 + 0.025e(−0.1×7)}
20
= 0.545 MPa 
Now from Figure 2.9, 
 εmax = 0.2(σcm/p0)
−2 = 0.2 × (0.545/2.7)−2 = 𝟓% 
The results are reasonably close to each other. 
Under the same conditions, the result from direct simulation is εmax = 𝟒% which is also close 
to results obtained by above equations. 
 
If this tunnel is at overburden depth 200m and passes through a rock with σci = 30MPa, GSI =
30,  γ = 0.027MN/m3, and mi = 10,  the strain εmax can be obtained: 
εmax =
umax
R
= 41489GSI−3.577 × (
σci
γH
)
0.0076GSI−1.7945
= 0.0147 = 𝟏. 𝟒𝟕% 
σcm = (0.0034mi
0.8)σci{1.029 + 0.025e
(−0.1mi)}
GSI
= 1.98MPa 
Now from Figure 2.9, 
εmax = 0.2(σcm/p0)
−2 = 𝟏. 𝟒𝟗% 
which again shows the results are very close to each other. 
The results show that the equation created in this study is consistent with previous studies for 
tunnels in similar weak geological conditions. 
 
Numerical Example 2: 
If σci = 75MPa ,  GSI = 40 and γ = 0.027MN/m
3 are known and tunnel is designed to be 
excavated at H = 300m with 4m radius, then, 
σci
γH
=
75
0.027 × 300
= 9.259 
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The maximum radial strain εmax can be calculated by the following equation: 
εmax =
umax
R
= 41489GSI−3.577 × (
σci
γH
)0.0076GSI−1.7945 
umax
R
= 41489 × 40−3.58 × 9.259(0.0076×40−1.7945) = 0.0028 
Nmax =
σci × umax
γHR
= 9.259 × 0.0028 = 0.026 
For Nmax = 0.026, the corresponding lines of 0.01 and 0.03 could be used in Figure 4.29.From 
Figure 4.29, the deformation at any location from the face of the tunnel could be obtained by 
calculating N(x).  
For instance, if deformation at 10m from tunnel face is be obtained, N(10) would be found out, 
as N(10) =
σci
γH
×
u(10)
R
= 0.015  at 
L
R
= 2.5 , in Figure 4.29. Then, the deformation of tunnel 
with radius 4m at the location 10m from tunnel face is obtained by calculating: 
u(10)
R
= N(10) ×
γH
σci
= 0.015 ×  
1
9.259
= 0.00162,  
u(10) = 0.00162 × 4m = 𝟎. 𝟎𝟎𝟔𝟓𝐦. 
Therefore, if σci = 75MPa, GSI = 40 and γ = 0.027MN/m
3 are known and tunnel is designed 
to be excavated at H = 300m with 4m radius, the deformation at 10m from tunnel face is 
estimated to be 0.0065m. Direct simulation results for this tunnel gives the value of u(10)  =
 𝟎. 𝟎𝟎𝟔𝟖𝐦 which is in good agreement with the calculated result. 
 
Numerical Example 3: 
If σci = 35MPa, GSI = 40 and γ = 0.027MN/m
3 are known and overburden is 500m, then, 
σci
γH
=
35
0.027 × 500
= 2.593 
umax
R
= 41489 × 40−3.58 × 2.593(0.0076×40−1.7945) = 0.0187 = 1.87% 
Compared with the percent critical radial strain  εmax  = 1.3% for the tunnel in rocks with 
GSI=40 (see Table 4.5), this tunnel is considered instable. Based on Figure 4.29, it can be found 
at which stage of the tunnel excavation instability can be an issue: 
Nmax =
σci umax
γHR
= 2.593 × 0.0187 = 0.048 
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For Nmax = 0.048, the corresponding line Nmax = 0.05 in Figure 4.29 is chosen. The sensitive 
situations occur around the location L/R = 1.5 with N(1.5) = 0.032, because 
u(1.5)
R
= N(1.5) ×
γH
σci
= 0.032 ×
1
2.593
= 0.0123 = 1.23%  is closed to the critical radial 
strain εmax =1.3%. 
 
Numerical Example 4: 
When UCS and GSI are known, the critical values of overburden for robust tunnel designs can 
be obtained by the critical σci γH⁄  that is dissussed in Section 4.4. Critical overburden for some 
examples are listed in Table 4.9. For a robust tunnel design, overburden value should not be 
larger than the critical value of overburden which can be calculated form the critical stress ratios 
listed in Table 4.5. If the tunnel is deeper than the critical overburden, it may be in sensitive 
situation and appropriate supports need to be considered. 
Table 4.9: The critical values of overburden for some examples 
γ = 0.027MN/m^3 
GSI 20 40 60 80 
Critical stress 
ratio (Table 4.5) 
σci γH⁄ ≥ 8.5 σci γH⁄ ≥ 4 σci γH⁄ ≥ 2.1 σci γH⁄ ≥ 1 
UCS( σci) Overburden Overburden Overburden Overburden 
15 H ≤ 65m H ≤ 138m H ≤ 264m H ≤ 555m 
35 H ≤ 152m H ≤ 324m H ≤ 617m H ≤ 1296m 
75 H ≤ 326m H ≤ 694m H ≤ 1322m H ≤ 2777m 
125 H ≤ 544m H ≤ 1157m H ≤ 2204m H ≤ 4629m 
175 H ≤ 762m H ≤ 1620m H ≤ 3086m H ≤ 6481m 
250 H ≤ 1089m H ≤ 2314m H ≤ 4409m H ≤ 9259m 
Numerical Example 5: 
Based on results on section 4.1, tunnel deformation increases with the increase of tunnel radii. 
Especially, when a tunnel encounters poor geological conditions, the tunnel size becomes an 
important factor in tunnel stability. Suppose that the maximum deformation needs to be kept in 
a range, such as umax ≤ 0.08m. Then the tunnel radius can be estimated for a robust design 
based on the value of GSI. Tunnels in rocks with low GSI value are used in this example. Results 
are shown in Table 4.10 where the critical radial strains in the second row are obtained from 
Table 4.5: 
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Table 4.10: The tunnel radius for robust designs with fixed deformation 
Request umax ≤ 0.08m 
GSI 20 40 
Critical radial 
strain ε (Table 
4.5) 
umax
R
× 100% ≤ 2.7% 
umax
R
× 100% ≤ 1.3% 
Radius R ≤ 2.96m R ≤ 6.15m 
If the maximum deformation is to be kept under 0.08m, the radius of tunnel in rocks with 
GSI=20 should be smaller than 2.96 m, which can ensure that the maximum deformation is 
better controlled. Likewise, radius is smaller than 6.15m for tunnel in rocks with GSI=40 to 
control the maximum deformation. 
 For different rock properties (σci, GSI), the likely tunnel designs that are not sensitive can be 
defined. Equations and figures in this section can inform designers that at which stage the tunnel 
excavation process may lead to instability issues. The results can also help to assess tunnel 
stability and be a reference for the design of tunnel support, and the information also provides 
an easy way to roughly check the feasibility of the tunnel design, such as an appropriate tunnel 
radius for a given overburden. 
Although the method in this section presents relatively accurate information on deformation 
and stability assessment, equations and figures are unsuitable for tunnels in rocks with 
extremely poor condition because tunnel deformation exhibits an unreasonable value when a 
tunnel is set at low uniaxial compressive strength, low GSI, large radius and high overburden. 
 
4.7 Summary  
In this chapter, numerical results of hundreds of tunnels in the constructed database were studied. 
Stress analysis and failure analysis of tunnels in rock masses with substantial variations in 
geological and geotechnical parameters have been discussed. The deformation and stress 
distribution of the rock mass surrounding the tunnel free-surface boundaries have been analysed 
and summarised. After studying the general relationships and sensitivity of different responses 
to variations of input different parameters, all deformation results were consolidated into simple 
and easy-to-use equations and charts. Results obtained in Chapter 4 can be used to assess tunnel 
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stability, provide a reference for design of tunnel support, and check the feasibility of the tunnel 
design. Numerical examples are provided to demonstrate possible applications of the outcomes.
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CHAPTER 5: CONCLUSIONS AND 
RECOMMENDATIONS FOR FURTHER STUDIES 
Although the risks in tunnel excavation can be reduced by many advanced technologies, 
numerous potential risks still exist. The uncertainty of rock characterization causes a series of 
inaccuracies in tunnel estimation. As a result, developing methods that can help designing of 
safer and more economical tunnel quickly and easily is of vital importance. Such methods can 
effectively reduce the risks in tunnel excavation by allowing easy comparisons, minimize the 
time spent on the design and construction and provide more useful information to inexperienced 
engineers. 
Stress and failure analysis of tunnels in rock masses with substantial variations in local geological 
and geotechnical parameters are studied in this research. The main aim of this research is providing 
easy-to-use design equations and charts to estimate stability and deformation of tunnels in different 
geological conditions. To achieve this, a large numerical database of tunnel models is created in 
RS2. 
All tunnels are assumed to be circular, excavated in homogeneous rock mass following Hoek-
Brown failure criterion. Groundwater was not considered in any of the models. The in-situ stress 
is assumed uniform around the tunnel, and all results of tunnel deformation have been discussed 
without any supports. Brief conclusions are listed in below: 
 Section 4.1 mainly demonstrates the relationships between tunnel deformation and tunnel 
sizes, and introduces a pattern of tunnel deformation with different tunnel sizes.  
 Section 4.2 investigates the tunnel deformation for an advancing tunnel under different geo-
conditions, and introduced the new concepts of the plane strain point and the face zone. 
 Section 4.3 looks at the longitudinal deformation profile of advancing tunnel face which 
could be useful for potential risk assessments during tunnel construction. 
 Section 4.4 looks at maximum deformation under different GSI values by analysis of the 
radial strain (tunnel deformation / tunnel radius) and ratio of uniaxial compressive strength to 
in-situ stress (stress ratio). Differentiating between sensitive and robust designs and identifying 
the critical values of radial strain and stress ratio, it provides an efficient references for tunnel 
support systems in both design and construction. 
 Section 4.5 provides one equation and two graphs, which can be applied to obtain tunnel 
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deformation for each excavation stage, to assess reasonability of tunnel designs, such as tunnel 
sizes and overburden, and to estimate tunnel stability status. Numerical examples are provided 
to demonstrate the applications of the main outcomes of this research at the end of Chapter 4. 
This thesis is different from previous studies in the following aspects: 
 A large database of tunnels is created for prediction of tunnel behaviour based on fundamental 
theories of elasticity and rock mechanics;  
 New concepts of the plane strain point and the face zone are introduced, which help 
explaining the deformation of tunnels; 
 Relationships related to changes of geological structures and reasonable tunnel design are built, 
which can help deciding on the use of tunnel support systems in both tunnel design and construction;  
 The results can potentially contribute to the design of safer and more economical tunnels. 
 
It is obvious that many other variables can influence tunnel design which were not considered 
in this research. The main factors that influence the stability of tunnels are listed below: 
 Water pressure can change the rock mass strength properties and the stress situation as the 
surfaces of the discontinuities will be forced apart, and the normal effective stress in rock is 
reduced. 
 Time is an important factor in tunnel construction. The tunnel deformation is ongoing with 
time, and a total deformation in tunnels at long-term include both instantaneous and time 
dependent deformations, so a long-term deformation could be considered in future research. 
 Installation of support will be influenced by a time factor. 
For future studies, additional variables and conditions such as the effect of more complicated 
in-situ stresses, anisotropy, shape of tunnels, water pressure, time issues and weather can be 
considered. Moreover, analysis of real cases can be considered in the future to improve the 
database and practicality of the proposed equations. 
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